Abstract-Stand-alone photovoltaic systems are still required in locations where electricity is unavailable. They can provide electric energy for pumping systems, lightings, etc. This paper presents a design of a photovoltaic powered converter to provide regulated AC voltage. The system consists of a buck chopper and an inverter. The chopper acts as a Maximum Power Point Tracker to optimize the battery charging. The inverter used in the proposed system is operated as a controlled voltage source to force its output voltage tracks the reference. The controllers are implemented by dsPICs. Simulation and experimental results show the effectiveness of the proposed system with simple control scheme. Sinusoidal voltage can be generated by the inverter based on look-up table method. The power equilibrium is also achieved.
I. INTRODUCTION
Photovoltaic (PV) based electric energy is very important due to the fossil energy crisis and is free from environmental pollution. PV modules need solar energy to produce electric energy in DC quantity. Due to the availability of the solar energy, PV modules must be operated in their maximum power point so the maximum power point tracker (MPPT) is required. There are many method used in MPPT control techniques [1] .
The PV systems may be grid-integration or stand-alone systems. The first systems are connected to existed grid for certain purposes. They are functioned to transmit electric energy generated by PV modules to the grid. They sometimes have capability to reduce harmonics [2] - [3] . While the second systems are commonly installed in the remote area with/without batteries.
Most applications of the stand-alone PV systems are focused on water pumping systems. A general PV powered water pumping system consisted of PV, DC-DC converter, inverter and induction motor was designed and simulated by using SIMULINK [4] . Another system using boost chopper as a MPPT was also simulated by using MATLAB [5] . The DC-DC stage can also be implemented by current-fed inverter and voltage-doubler rectifier [6] or by a push-pull inverter, high frequency transformer and rectifier [7] to increase the system performance. By using PV modules and boost MPPT to drive DC motor coupled water pump, a simpler system can be designed [8] . To reduce the system costs, battery-less system has been designed [9] .
Commonly, the designed systems have no feedback control on AC voltage so when the loads change the AC voltage will also varies. The stand-alone PV system with regulated AC voltage is presented in this paper. The proposed system consists of two stage converters, the first one is buck chopper functioned as a MPPT and the second one is a single-phase inverter operated as an AC controlled voltage source.
II. THE PROPOSED SYSTEM
The proposed system consisted of PV modules, a buck-type MPPT, batteries, a single-phase inverter and AC loads is depicted in Fig.1 . Electric power generated by PV modules will be forced at its maximum power point by the MPPT. The output power of the MPPT is used to charge the batteries and supply the AC loads via an inverter under a certain condition (under sufficient irradiance). For a critical condition, the AC loads will be supported by the sum of power from PV modules and the batteries. 
A. PV Modules and Buck-type MPPT
A PV module can be used to convert solar energy into electric energy. For its characteristic looks like a combination of current source and voltage source, a PV module must be operated at a point that generates highest power at certain irradiance, it is named maximum power point. Operation under this condition, the PV module produces current IMPP at its voltage VMPP so the maximum power PMPP can be stated as
Direct connecting a PV module to certain load (RL) results in current flowing from the PV module IPV at its terminal voltage VPV, where
The power generated will be maximum only if This value is too difficult to be achieved because IMPP and VMPP will vary according to solar irradiance. So this can be concluded that connecting loads directly to PV modules will produce power less than PMPP. For the load resistance less than RMPP, a buck-type MPPT can be inserted between PV modules and the load. This MPPT is implemented by a buck chopper which is operated to make the PV modules see the load resistance RL always equals to RMPP. The relationship of input voltage E, output voltage Vo and duty cycle d of a buck chopper can be expressed as Due to the power equilibrium, the input power and output power of a chopper under ideal condition are the same, expressed as the following
where Rin , Iin and Io are the equivalent input resistance, input current and output current of a buck chopper, so that
The comparison between RL and Rin will vary from 0 (d = 0) to 
For d ≤ 1 then Eq. (7) is valid for
By varying the value of d then R in can be made equal to R MPP and the operation point of the PV modules is on its MPP.
B. Battery and Single-Phase Inverter as Controlled Voltage Source
In the proposed system, PV-MPPT block was connected to batteries and a single-phase inverter to supply AC loads. Regardless the power losses of the MPPT, the input power (Pin_M) and output power (Pout_M) of the MPPT can be written as 
Under normal condition, the inverter must be able to transfer power required by the AC loads. 
where Vac, Iac and φ are RMS value of fundamental component of the inverter output voltage, RMS value of the inverter output current and phase angle between them. When a step-up transformer is used to supply the AC loads, so equations associated with apparent power of the inverter output Sac and the AC loads SL can be derived 
where VL , IL, Np and Ns are RMS value of fundamental component of the AC loads voltage, RMS value of the AC loads current, the number of primary winding and the number of secondary winding of the step-up transformer.
C. The Control Scheme of the Proposed System
The proposed system has two control blocks, the first one is for the MPPT and the second is for the inverter. The MPPT controller requires detections of the PV modules voltage and current. The Perturb and Observe (P&O) concept is applied to the proposed system by using 16-bit Digital Signal Controller (DSC) implemented by dsPIC30f4012. The high speed ADC of this dsPIC and its PLL facility give the accuracy of the controller. The basic concept of the MPPT controller is how to make the power of the PV modules maximum at any condition. This is done by detecting PV current and voltage and force the multiplication of both quantities will be maximum. The movement of the operating point of the MPPT is controlled by varying duty cycle. The flowchart of this control scheme is shown in Fig.8 . The second converter is a single-phase inverter used to convert DC voltage into AC voltage with controllable magnitude (AC controlled voltage source). It must be capable to provide sinusoidal voltage with certain frequency and magnitude. The control scheme requires a template as a reference. The DSC has capability to provide look-up table facility. By using the numbers represents sinusoidal waveform, a sinusoidal based look-up table can be made. In every sampling process, the content of the look-up table component address will be taken. This will be compared to the actual voltage to get error. The flowchart of the controlled voltage source is depicted in Fig.9 . III. RESULTS AND DISCUSSION Due to the above analysis, computer simulations using PSIM were done. Simulations were based on the circuit depicted in Fig.7 with parameters shown in Table I . By using digital control in C-Block PSIM, the MPPT can make the PV modules generated power near their maximum power (Fig.10a) . For the MPPT is a buck type, the MPPT output voltage is less than the PV modules voltage (Fig.10b) . Tracking process is done by varying the duty cycle, it can be seen by investigating whether the switch is ON or OFF. This will influence the PV modules current (Fig.11) . taken, the PV modules generates power greater than the AC loads. The batteries absorb power from MPPT, this is shown by the power curve with positive value (Fig.12) . Using the irradiance 500 W/m 2 , power generated by the PV modules decreases until some points less than the AC loads. At these points, the batteries will discharge. It can be seen that the power curve of the batteries has negative value (Fig.13) . The inverter operated as an AC controlled voltage source is capable to produce output voltage which tracks the reference (Fig.14) . Finally, the laboratory experiments were completed to verify the simulation works. Four PV modules were used generate electric power. The PV modules voltage and current will change at every switching process (Fig.17 and Fig.18) . The relationship of the PV modules voltage as the input voltage of the MPPT and its output voltage can also be seen. The voltage on the AC loads can be investigated by measuring the output voltage of the voltage transducer LEM LV 25-P. The voltage transducer must be set to provide values under 5 Volt due to the ADC of the DSC. Direct measurement of the voltage and current on AC loads is shown in Fig.19 . 
IV. CONCLUSION
A system consisted of PV powered converter with dual stage has been presented. The first stage implemented by a buck chopper as the MPPT has capability to force PV modules generate maximum power. This is controlled by using P&O concept applied to the 16-bit dsPIC. The dsPIC based controller with feedback signal taken from the AC load voltage can operate a single phase inverter as the second stage able to produce regulated AC power. The proposed system has better performance for the output voltage is regulated. Implementation the system to any loads can deliver the required rating of power.
